Statistical relationships between the variability of the area covered by double tropopause events (DTs), the strength of the tropical upwelling, the total column ozone and of the lower stratospheric 
An independent assessment of the relationship between ozone and DTs was done using observations from the High Resolution Dynamics Limb Sounder (HIRDLS) satellite instrument.
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The Nimbus 7 and Earth Probe TCO were downloaded from the TOMS web page HIRDLS data (level 2,version 5) were available from January 2005 to December 2007. An overview of both the HIRDLS temperature and ozone products, along with further references contained within, is available from Gille and Gray (2010) .
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The first and, if present, second thermal lapse rate tropopauses were identified using the conventional WMO criteria:
(a) The first tropopause is defined as the lowest level at which the lapse rate decreases to 2Kkm −1 or less, provided also that the average lapse rate between this level and all higher levels within 2km does not exceed 2Kkm −1 .
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(b) If above the first tropopause the average lapse rate between any level and all higher levels within 1 km exceeds 3 K km −1 then a second tropopause is defined by the same criterion as in (a). This tropopause may be either within or above the 1km layer.
Because of the low (∼ 1km) vertical resolution in the UTLS, condition b) in the above definition was reduced to 2.5Kkm −1 when analyzing the ERA-I data. A similar procedure was applied by 75 Randel et al. (2007) , who reduced condition b) to 2Kkm −1 in their analysis of the ERA40 data. The criteria used to find the tropopauses were applied using an algorithm that is similar to that used by Birner (2010) (which in turn is a slight variation of the algorithm used by Reichler et al. (2003) ).
For each reanalysis time we calculated the fraction of area (F A N H ) of the latitudinal band 20 − freedom. The treatment of the HIRDLS data will be explained in the next section. and were smoothed using a 5-month running average before the multilinear regression was applied.
100
The area associated with DT events does not show a correlation (r = −0.05) with the solar cycle, whereas its correlation values with the ENSO index and the QBO are r = −0.40 and |r| = 0.50, respectively. The multilinear regression coefficients show that DTs events are more frequent during the easterly phase of the QBO at 70-hPa. Because the relationships between BDC, double tropopauses, ozone and stratospheric water vapour may be sensitive to the phases of ENSO and the QBO, we 105 performed the calculations for both the total data anomalies and for the time series with the signals of the QBO, ENSO and solar cycle removed using a multilinear regression.
The statistical significance of correlations between time series, which were smoothed by a 5-month running mean and by a 3-month running mean, were assessed adopting the conservative assumption that only 2 and 3 degrees of freedom per year remained after the smoothing, respectively.
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A two-sided parametric t-test was considered for all cases.
Results

DTs versus Rossby wave activity
As already mentioned, Gimeno (2011) and Peevey et al. (2012) showed that double tropopause events (DTs) are associated with Rossby waves in the subtropics and midlatitudes. This 115 association is analyzed here by calculating the correlation between the monthly mean anomalies of the area covered with DTs in the NH (F A N H ) and the monthly mean anomalies of the area weighted average of the quasi-geostrophic wave activity in the latitudinal band 30 − 50 o N. The wave activity, A, was calculated by (Andrews et al., 1987 , chapter 3)
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where z is the log-pressure altitude; ρ 0 (z) = ρ s e −z/H is the reference density; q are the zonal mean quasi-geostrophic potential vorticity and q ′ is its deviation from the zonal mean; and φ is the latitude.
The quasi-geostrophic potencial vorticity is given by
where Φ is the geopotential deviation from the isobaric mean in the latitudinal band
is the Coriolis parameter (f 0 = 2Ωsin(45 o )), and N 2 0 is the stability parameter
The remaining symbols are mostly customary.
In the limits of the linear approximation, wave activity is proportional to the zonal variance of the Lagrangian meridional displacements of the atmospheric particles (see for example, Andrews et al., 130 1987, eq. 3.6.10). The proportionality constant is (ρ 0 /2a)∂q/∂φ. In order to make the monthly wave activity comparable between different years, we used the calendar monthly climatologies of ∂q/∂φ in eq. 1.
The association between DTs and Rossby waves found in this study is highlighted in Fig. 2 .
Correlations in this Figure where calculated using calendar month anomalies without smoothing 135 using a moving average. The blue curve represents the correlation using all months, and the red curve gives the correlation for the winter (Nov.-March) months. Both curves show clear peaks in the region between the first and second lapse rate tropopauses, demonstrating an association between Rossby wave activity and the frequency of DTs. we expect the signal of DTs also to be detectable in the total ozone. (2011) and Peevey et al. (2012) showed that the variability of the meridional extension of the tropical tropopause over the extratropical tropopause, and therefore the variability of the area where DTs occur, is associated with Rossby wave variability. That association
Ozone versus DTs
Castanheira and Gimeno
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between DTs and Rossby wave activity was also demonstrated in the above subsection.
Waves associated with DT events may be reversible, with tropical air moving to the extratropics and returning back the tropics without mixing into the midlatitudes. A higher correlation between the fractional area of DTs and the TCO is expected, if we define the ozone time series using the weighted area average of TCO, in the extratropical latitudinal band where the occurrence of DTs 7 (1979-1992) was linearly detrended, and a 5-year running mean was removed from the ozone series derived from the ERA-I reanalysis. The correlation for OMI data is statistically significant at the 95% level, and the correlations for Earth Probe, Nimbus 7 and ERA-I data are statistically significant above the 99% level.
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Because the ERA-I TCO data are available for a longer period than those from satellite instruments, we calculated also the correlation between the ERA-I TCO and the area covered by the second tropopause must be between 70 hPa and 150 hPa and 2) the potential temperature of the 195 ozone minimum is below the maximum potential temperature of the restricted second tropopause or below 400 K if no second tropopause is present. This helps to ensure that both the DT and ozone lamina are characteristic of a tropospheric intrusions. We deseasonalize the time series by first finding the average area for each day of the year and smoothing using a 29-day moving average.
That time series, which represents the seasonal cycle, is removed from the original data. This is done
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for both the DT and ozone lamina area time series. The anomaly time series were then smoothed by a 5-day running mean. Additionally, because both DT and ozone laminae frequency are small during the summer (Olsen et al., 2010; Peevey et al., 2012) , only anomalies between November and June were analyzed. As seen in Figure 5 , there is a strong correlation between the area of DTs and the area of ozone laminae. This is consistent with negative anomalies of TCO associated with 
Lower stratospheric water vapour versus DTs
If waves associated with the tropopausal overlap have large amplitudes they could break, resulting in 215 the mixing of tropical and extratropical air (Pan et al., 2009 ) and contributing to the exchange of trace gases, e.g. water vapour, between the tropics and extratropics. Bonisch et al. (2011) suggested that the stratospheric water vapour drop after 2001 was a consequence of an enhanced quasi-horizontal (isentropic) mixing accompanied by an intensification of the residual circulation in the lower most stratosphere (LMS).
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Considering the above results and assuming that large anomalies in the F A time series for DTs may be associated with quasi-horizontal mixing events in the LMS, we analyzed the correlation between area covered with DTs (F A) and the mixing ratio of water vapour on isobaric levels. A step like decrease of water vapour in the lower stratosphere after 2001 has been observed in instrument data (e.g. Randel et al., 2006; Randel, 2010) . Because the relationships between water vapour, ments. Figure 7 shows the same kind of correlations but with water vapour from ERA-I reanalysis.
The correlation patterns show the typical 'tape-recorder' signal of the BDC, which is apparently stronger in the ERA-I reanalysis than in the observations, as was already noted by Dee et al. (2011) . patterns show a vertical elongation, may partially be due to subsidence of the first tropopause associated with DT events (Añel et al., 2008; Peevey et al., 2012) . Because the water vapour mixing ratio drops very rapidly through the tropopause layer, subsidence of the first tropopause will induce large negative anomalies in the water vapour mixing ratio at fixed isobaric level near the tropopause.
Moreover, the nearly vertical orientation of the correlation pattern is also consistent with a higher 250 vertical residual velocity in the 16-18 km layer, as shown by the results of Schoeberl et al. (2010) .
Tropical upwelling versus water vapour and DTs
The main sources of stratospheric water vapour are methane oxidation and transport from the troposphere through the tropical tropopause. This implies that variability and trends in the stratospheric water vapour field may be caused by changes in the fraction of oxidised methane (Le Texier et al., 255 1988) and changes in the entry mixing ratios of methane and water vapour as well as by their transport associated with the diabatic meridional circulation, i.e. the Brewer-Dobson circulation, and the irreversible quasi-horizontal mixing (Mote et al., 1996) . In this subsection, the variability of the near global lower stratospheric water vapour will be related to the variability in upwelling through the tropical tropopause which is placed near 100-hPa.
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The ERA-I mean residual vertical velocity, ⟨w * ⟩, in the tropical region bounded by the latitudes −φ 0 and φ 0 , was computed using the downward control principle as in Randel et al. (2002) ⟨w
where F is the Eliassen-Palm (E-P) flux, m = acosφ (u + aΩcosφ) is the zonal mean absolute an-gular momentum. All variables were defined as in section 3.5 of Andrews et al. (1987) , and the subscript m means that the integral was evaluated along contours of constant angular momentum, m (φ,z) . In this study, the residual velocity was calculated at the log pressure altitude of the 100-hPa level.
In the remaining analysis, results will be shown for the mean residual vertical velocity within the tropical band 22. 
Tropical upwelling versus DTs and QBO
The residual velocity is forced by the E-P flux divergence, which, in the linear quasi-geostrophic 275 approximation, is proportional to wave activity. Because of this relationship and the association of double tropopauses with Rossby wave activity, it is reasonable to expect a relationship between the residual velocity in the lower stratosphere and the area covered by double tropopauses. As seen in and and the vertical shear of the equatorial zonal mean wind, ∂u/∂z, is positive in the LMS, with a value of r = 0.79 at the 100-hPa isobaric level. This means that the easterly U70 is associated with easterly zonal mean wind shear in the LMS. Therefore the value found for the correlation between U70 and ⟨w * ⟩ is consistent with the theoretical results using two-dimensional models of the QBO (Baldwin et al., 2001 , and references therein). According to those models, westerly shear zones of 295 the QBO are associated with sinking anomalies of the residual circulation at the equator, whereas the easterly shear zones are associated with rising anomalies.
Tropical upwelling versus water vapour
As shown in subsection 3.3, the correlation signal of the water vapour anomalies with DTs is propagated upwards in the lower stratosphere by the residual circulation. On the other hand, the anomalies 300 of the residual vertical velocity at the tropopause level are positively correlated with the DTs anomalies. Therefore, it is important to assess the contribution of the tropical upwelling variability to the correlation signal found between the DTs and the lower stratospheric water vapour. Figure 9 and 10 show the lagged correlations between the residual vertical velocity, at 100-hPa, and the near global water vapour. The correlation patterns are quite similar to the respective cor-305 relation patterns obtained for the DTs (Figs. 6 and 7) . The large correlation between the tropical upwelling and the fraction of area covered with DTs (Fig. 8) , and the large correlation between tropical upwelling and water vapour may indicate that much of the water vapour and DTs correlated variabilities are also covariant with the tropical upwelling. The correlations in Fig. 11 show that such an association is in fact true. The correlations between the DT and water vapour time series,
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in the lower most stratosphere, are strongly reduced when we subtract the variability regressed on the tropical upwelling time series. This result shows that it is difficult untangle the effects due to the transport by the residual circulation and to the quasi-horizontal motion in the observed data (Bonisch et al., 2011) .
The right panel of Fig. 11 shows that statistical significant correlation (r ≥ 0.3 for p = 0.01) in the 315 ERA-I data remains after removing the variability associated with the tropical upwelling. Although, the ERA-I water vapour analysis at stratospheric levels has very little influence from observations being mostly a model field product (Dee et al., 2011) , they reproduce well the minimum specific humidity in the lower most stratosphere in the tropics as seen in the observations (see, for example, Negative correlations between the area covered by DTs and the TCO or the lower stratospheric 365 water vapour may be understood as a consequence of the poleward displacement of tropical air within the upper troposphere/lower stratosphere (UTLS) region. This is likely the case because the lower tropical stratosphere is drier and has smaller ozone mixing ratios, therefore, the poleward displacement of tropical UTLS air will produce negative anomalies in the lower stratospheric water vapour and TCO at midlatitudes. The anomalies in the water vapour may also be partially attributed
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to an observed subsidence of the first lapse rate tropopause associated with DTs events. Additionally, the poleward motion of tropical UTLS air with the tropical tropopause overlying the extratropical one must be accompanied by an increase in the frequency of tropospheric intrusions into the lower extratropical stratosphere. This is confirmed by the positive correlation between DTs and ozone laminae found in the HIRDLS data.
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The above results were based on the analysis of both instrumental data and ERA-I reanalysis data.
Results from these two types of datasets are consistent, with the main difference being the stronger BDC in the ERA-I reanalysis that has already been reported by Dee et al. (2011) . 
